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Mutational analysis was conducted to investigate the role of the nucleotide sequences flanking the stem-loop palindromic structure at the
origin of DNA replication of porcine circovirus type 1 (PCV1) with respect to self-DNA replication and progeny virus generation. The results
demonstrated that the A-rich sequence to the left of the palindrome is non-essential for virus replication. Although a set of four
hexanucleotide (H) sequences to the right of the palindrome (organized in two tandem repeats: the proximal H1/H2 and the distal H3/H4) are
binding sites for the viral Rep-associated proteins in vitro, only a proximal tandem (H/H or h-like/H) is essential for PCV1 DNA replication.
In the presence of H1/H2, mutations engineered into H3/H4 were preserved in the progeny viruses. Mutations engineered into H1/H2 were
invariably deleted so that the downstream H3/H4 was placed next to the palindrome. Viral genome with mutations engineered into both H1/
H2 and H3/H4 underwent extensive nucleotide reorganization to yield progeny viruses containing either H3/H4, h-like/H4, or h-like/H3/H4
sequences.
Published by Elsevier Inc.Keywords: Porcine circovirus; Origin of DNA replication; Direct tandem repeatsIntroduction
Porcine circovirus (PCV) is a member of the genus
Circovirus of the Circoviridae family, which includes a
group of diverse animal viruses with small, closed circular,
single-stranded DNA that replicates their genome through
double-stranded intermediates (McNulty et al., 2000;
Pringle, 1999). Other circoviruses include beak-and-feather
disease virus, canary circovirus, columbid circovirus, goose
circovirus, mulard duck circovirus, and Muscovy duck
circovirus (GenBank accession #NC006561) (Clark, 1996;
Harding, 1996; Hattermann et al., 2003; Mankertz et al.,
2000; Nayar et al., 1999; Phenix et al., 2001; Ritchie et al.,
1989; Tischer et al., 1982; Todd et al., 1991, 2001; Woods et
al., 1993). These animal circoviruses are closely related to0042-6822/$ - see front matter. Published by Elsevier Inc.
doi:doi:10.1016/j.virol.2005.05.029
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E-mail address: acheung@nadc.ars.usda.gov.the plant circoviruses, now renamed nanoviruses (Mayo,
2002; Meehan et al., 1997; Niagro et al., 1998). It has been
suggested that the PCV genome is an intermediate between
plant geminivirus and nanovirus (Meehan et al., 1997;
Niagro et al., 1998) and that PCV was the result of a
recombination event between a nanovirus and an animal
picorna-like RNA virus (Gibbs and Weiller, 1999).
The PCV virion is icosahedral, non-enveloped, and 17
nm in diameter (Tischer et al., 1982). Two genotypes of
PCV have been identified. PCV type 1 (PCV1) is non-
pathogenic, while PCV type 2 (PCV2) has been implicated
as the etiological agent of postweaning multisystemic
wasting syndrome in swine (Allan and Ellis, 2000; Clark,
1996; Harding, 1996; Segales and Domingo, 2002).The
genome sequences of a number of PCV1 and PCV2
isolates have been determined (Fenaux et al., 2000; Hamel
et al., 1998; Meehan et al., 1997, 1998; Morozov et al.,
1998; Niagro et al., 1998). It has an ambisense circular
genome that encodes proteins by the encapsidated viral05) 192 – 199
Fig. 1. (A) Schematic representation of the PCV1 genome. Locations of the primers used for PCR amplification are indicated below the genome. Transcription
patterns of the major PCV1 RNAs (Cheung, 2003a) are also indicated. Capsid RNA (CR) is transcribed leftward. Rep and Rep’ are transcribed rightward. The
RNAs are annotated with nt co-ordinates that indicate the last nucleotide of each respective exon. The coding sequence of each transcript is shaded and their nt
co-ordinates are indicated below each RNA. The LIR and plus-strand Ori indicating potential base-pairing of the flanking palindrome are also indicated. The
genomic sequences of PCV1 (1759 nt) (GenBank accession number AY184287) encompassing the presumed nick-site (AGTATT,AC) present in the
octanucleotide of the loop are in bold letters and enclosed in a box. The nt co-ordinates (numbered 1, 2, 3, etc.) are based on the actual genomic sequence and
the nt co-ordinates (numbered 3V, 4V, 5V, etc.) are arbitrarily assigned to show nt complementarity of the flanking palindromic sequences. The 5-nt x and y
sequences are enclosed in ovals. The 6-nt H sequences (CGGCAG or CGT*CAG) are labeled and enclosed in boxes. The initiation codons for the Rep-
associated antigens (at nt 47) and the capsid protein (at nt 1723) are shaded. (B) Mutations engineered into the left side or right side of the stem-loop structure.
The modified nucleotides are shaded.
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intermediate synthesized in the host. Two coding regions of
opposite polarity, Rep-region on the right and capsid
protein on the left (by conventional nomenclature), are
separated at the 5V-end by the large intergenic region (LIR)
of approximately 80 nucleotides (nt) (Fig. 1). Sequence and
structural motif similarities suggest that PCV replicates via
a rolling circle replication (RCR) mechanism in a manner
similar to the Geminiviridae family (see review in
Gutierrez, 1999; Hanley-Bowdoin et al., 2000; Palmer
and Rybicki, 1998) with modifications at the origin of
DNA replication (Ori) proposed by the newly described
RCR ‘‘melting-pot’’ model (Cheung, 2004b, 2004d). These
similarities include: (i) a replication initiator protein (Rep)
that contains 3 conserved RCR motifs (RCR-I, -II, and -III)
and a NTP-binding (P-loop) core homologous to the Rep
proteins of other prokaryotic and eukaryotic RCR systems
(Ilyina and Koonin, 1992; Mankertz et al., 1998). Interest-
ingly, PCV DNA replication requires two proteins, Rep and
Rep’ (Rep-complex), instead of just one multifunctional
initiator protein (Cheung, 2003b, 2004a; Mankertz and
Hillenbrand, 2001) and (ii) the LIR of PCV and gemini-
virus contain a similar nonanucleotide sequence, TAGTAT-
TAC for PCV1 and AAGTATTAC for PCV2 (Hamel et al.,
1998; Mankertz et al., 1997) and TAATATT,AC for
geminivirus (, indicates a nick-site); and these nonanu-
cleotides are flanked by a pair of inverted repeat
(palindromic) sequences. It has been demonstrated that
the nonanucleotide of geminivirus is cleaved at the
indicated nick-site by Rep to initiate plus-strand DNA
replication (Heyraud-Nitschke et al., 1995; Laufs et al.,
1995).
PCV also shares an additional short direct repeat motif
(binding site for their respective Rep proteins) in the LIR
with the Begomovirus and Curtovirus genera of the
Geminiviridae family. The Begomovirus direct repeats
(e.g., GGTAGtaaGGTAG for tomato golden mosaic virus
and GGAGactGGAG for bean golden mosaic virus) are
important because mutations that impair Rep binding in
vitro also interfere with DNA replication in vivo (Fontes et
al., 1992, 1994a, 1994b). The Curtovirus direct repeats
(TTGGGTGCT for the CFH strain and TATTGGAGTA for
the Logan strain of beat curly top virus) are responsible for
virus strain-specific replication (Choi and Stenger, 1996).
However, direct repeats are not found at comparable
locations of the genomes of Mastrevirus species (Palmer
and Rybicki, 1998). For PCV, a hexanucleotide (H
sequence: CGGCAG, CGTCAG, or CAGCAG) is repeated
4 times to the right of the palindrome at the Ori. The
function of these motifs has not been examined in vivo.
The minimal Ori of PCV1 has been mapped to a 111
base-pair fragment (Mankertz et al., 1997) which includes
the LIR. A schematic representation of the plus-strand Ori is
denoted in Fig. 1A. The octanucleotide sequence encom-
passing the presumed nick-site between the first nt (position
1) and the last nt (position 1759) is enclosed in a box. Thecurrent model for PCV DNA replication postulates that the
closed circular single-stranded DNA genome is first con-
verted to a superhelical double-stranded DNA replication
intermediate. The virus-encoded Rep and Rep’ proteins
essential for DNA replication are expressed (Cheung,
2003b, 2004a; Mankertz and Hillenbrand, 2001). The
Rep-complex recognizes and binds the direct H tandem
repeats and the right-arm of the palindrome (Steinfeldt et al.,
2001), destabilizes and unwinds the Ori sequence, and then
nicks the octanucleotide sequence (A1G2T3A4T5T6,A7C8)
(condensed from the nonanucleotide) (Cheung, 2004c,
2005) between T6 and A7 to generate a free 3V-OH end for
initiation of plus-strand DNA replication. It has been
demonstrated that the LIRs (Mankertz et al., 2003) or the
loop-sequences of PCV1 (12 nt) (CTGT AGTATT,AC) and
PCV2 (10 nt) (TA AGTATT,AC) are interchangeable
(Cheung, 2004c), and that the conserved octanucleotide
motif sequence (AxTAxT,AC) embedded in the loop-
sequence is essential for PCV1 and PCV2 DNA replication
(Cheung, 2004c, 2005). It was also demonstrated that the
replication proteins of PCV1 and PCV2 are interchangeable
(Mankertz et al., 2003). The Rep-associated proteins also
interact with the palindrome flanking the Ori. In vitro
experiments showed that PCV1 Rep binds to the right-arm
of the presumed stem-loop structure at the Ori (Steinfeldt et
al., 2001). However, in vivo experiments suggest that Rep
interacts only with the C nucleotide at positions 3 and 10,
and does not bind to the right-arm in a sequence-specific
manner (Cheung, 2004b, 2004d). The Ori-flanking palin-
drome is non-essential for initiation but is likely a signal for
termination of DNA replication in PCV (Cheung, 2004b,
2004d) as well as in geminivirus (Kammann et al., 1991;
Heyraud et al., 1993). Both Rep and Rep’ of PCV1 have
also been shown to bind the adjacent proximal tandem H
sequences at nt 13–18/19–24 (CGGCAG/CGGCAG = H1/
H2) and the distal tandem at nt 30–35/36–41 (CGGCAG/
CGT*CAG = H3/H4) in vitro (Steinfeldt et al., 2001). The
H1/H2 and H3/H4 tandem repeats are separated by a 5-nt
sequence (cacct = y), which is similar to the 5-nt (cactt = x)
of the palindrome preceding H1/H2 (see Fig. 1A).
In this study, mutational analysis was conducted to
investigate the importance of the nucleotide sequences
flanking the ‘‘stem-loop’’ palindromic structure of PCV1:
the A-rich sequence on the left and the direct hexanucleotide
tandem repeats H1/H2 and H3/H4 on the right, with respect
to self-DNA replication and progeny virus regeneration.Results
Mutagenesis of the A-rich sequence to the left of the
stem-loop structure
The sequence upstream of the palindrome is not
associated with any recognizable nucleotide sequence motif;
however, it is relatively A-rich. Three mutant genomes (E1,
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the stem-loop structure were engineered (Fig. 1B). For E1,
the sequence at positions 1737–1739 (AAG) was replaced
with CCC; for E2, the sequence at positions 1729–1731
(AAA) was replaced with CCC; and for E3, the sequence at
positions 1731–1736 (AAGTGA) was replaced with
GCTAGC (a Nhe1 restriction enzyme site).
Two independent experiments were conducted with
each mutant genome and identical results were obtained.
At 48 h, an abundant number of viral Rep-positive cells
similar to that of J1 were observed with all 3 mutant
genomes (Fig. 2A). At 7 days, progeny viruses were readily
recovered from the transfected cultures and sequence
analysis showed that all the recovered viruses retained
their respective engineered mutations.
Mutagenesis of the H sequences to the right of the stem-loop
structure
The H sequences downstream of the stem-loop struc-
ture have been reported to be binding sites for theFig. 2. Immunochemical staining of viral antigens in PK15 cells after transfection a
palindrome, (B) genomes with mutations engineered into distal H3/H4 location, an
both the proximal and distal H1/H2–H3/H4 locations. The viral genome used for
PCV2 that reacts with the Rep-associated proteins of PCV1 (Cheung, 2004a; Chessential Rep and Rep’ proteins, in vitro (Steinfeldt et al.,
2001). In the following experiments, the distal (H3/H4),
proximal (H1/H2), or both tandem repeats were disrupted
by substitution mutagenesis.
(i) Disruption of the distal H3/H4 tandem
Two different sequences were individually engineered
into the H3/H4 sequence of J1 to generate two mutant
genomes, D1 and D2 (Fig. 1B). The H3/H4 tandem
(CGGCAG/CGT*CAG) became CGttga/atT*CAG in D1
and CGttca/taT*CAG in D2, respectively. In comparison
with the parent J1 genome, the number of Rep-positive cells
was similar to that of D1 or D2 (Fig. 2B). Progeny viruses
were readily recovered from both mutant genomes and they
all retained the input mutations (Table 1, i). Thus, the distal
H3/H4 tandem sequence was not essential for PCV1 DNA
replication in the presence of the proximal H1/H2 sequence.
(ii) Disruption of the proximal H1/H2 tandem
Two different sequences were individually engineered
into the H1/H2 tandem of J1 to generate two mutantt 48 h with: (A) genomes with mutations engineered into the left side of the
d (C) genomes with mutations engineered into proximal H1/H2 location or
transfection is indicated in each panel. A hyperimmune swine serum against
eung and Bolin, 2002) was used.
Table 1
Mutagenesis of (i) distal H3/H4 or (ii) proximal H1/H2 sequences
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became CGttca/taGCAG (Fig. 1B). A third mutant genome,
P3, was engineered to recreate a new 6-nt tandem repeatsable 2
utagenesis of both the proximal H1/H2 and the dismal H3/H4 sequencesT
M(CGttga/CGttga) in place of H1/H2. In comparison to J1, the
number of Rep-positive cells exhibited by P1 (25–30%), P2
(40–50%), and P3 (1–5%) was reduced (Fig. 2C). Progeny
viruses were recovered from 1 of 2 experiments with P2, 1
of 4 experiments with P3, and none from P1 (Table 1, ii).
However, upon additional cell passages, infectious viruses
were recovered from all the samples, indicating that a small
amount of progeny viruses must have been produced
initially in the negative samples. Sequence determination
showed that all three mutant genomes yielded identical
progeny viruses and each virus had either deleted the
H1/H2.y or x.H1/H2 sequence (see Fig. 1A). Thus, all the
recovered viruses had retained the H3/H4 tandem and they
are preceded by either the x = cactt sequence derived from
nt 8–12 (designated virus d) or the y = cacct sequence
derived from nt 25–29 (designated virus y).
(iii) Disruption of both the proximal H1/H2 and the distal
H3/H4 tandem repeats
A mutant sequence was used to replace H1/H2 and H3/
H4 to generate hh4b (CGttga/atGCAG.y.CGttga/atT*CAG).
Essentially, the 6-nt tandem repeats were disrupted, but two
almost perfect 12-nt direct repeats were created. In
comparison with J1, the number of Rep-positive cells after
transfection was reduced with hh4b (1–20%) (Fig. 2C, ii).
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at later cell passages, infectious progeny viruses were
recovered from 2 of 7 experiments (Table 2). The hh4b
recovered viruses (viruses a and b) each exhibited a
modified tandem H motif sequence, h-like/H4. Upon further
cell passage, virus a gave rise to virus d (H3/H4 genotype)
and virus b gave rise to two other h-like variants viruses,
virus c (h-like/H4 genotype) and virus e (h-like/H3/H4
genotype).Discussion
The LIR of PCV is short (82 nt in PCV1 and 83 nt in
PCV2); however, it contains the Ori with multiple essential
elements critical for viral DNA replication. There is the 3V-
portion of the Rep gene promoter (Mankertz et al., 2003),
the octanucleotide motif sequence (A1G2T3A4T5T6,A7C8)
that embeds the presumed cleavage-site for initiation of
plus-strand DNA replication, the palindromic sequences that
form the stem of the 4-stranded RCR melting-pot DNA
replication model, the signal for termination of PCV DNA
replication, and the H direct repeats that are binding sites for
the Rep and Rep’ proteins in vitro. In this work, we
examined the importance of the sequences immediately
flanking the palindromic stem-loop structure in vivo: the
A-rich sequence on the left and the hexanucleotide repeats,
H1/H2 and H3/H4, on the right. Several general observa-
tions emerged from this study.
1. The A-rich sequence to the left of the stem-loop structure
is non-essential for PCV replication. Substitution muta-
genesis engineered into 3 mutant genomes (E1, E2, and
E3) yielded progeny virus readily and the engineered
input mutations are stable in their respective viruses. In a
previous study (Cheung, 2004d), viruses with longer
(vLD7.1) or shorter (selected vLD7 and vLD11) sequen-
ces to the left of the stem-loop have been isolated. For
geminiviruses, it has also been concluded that the
sequences on the other side of the stem-loop structure
with respect to the direct repeats are not required for viral
DNA replication (Palmer and Rybicki, 1998).
2. In the presence of the proximal H1/H2 tandem, the distal
H3/H4 tandem is non-essential, since the mutated H3/H4
sequence was retained in the progeny viruses D1 and D2.
3. Presence of an H tandem adjacent to the stem-loop
structure is preferred, since mutant genomes P1, P2, and
P3 underwent similar reorganization (to delete the
mutated H1/H2 sequence) and yielded identical progeny
viruses that contain H3/H4.
4. The number of H sequences present in the PCV1 is
flexible. Wild-type PCV1 has 4 H sequences; however,
these H sequences can be expanded or contracted as the
circumstances dictate. A previous study (Cheung, 2004b)
showed that an extra H sequence in the reverse polarity
can be incorporated into viruses LP1 and LP2 andextended the stem of the stem-loop structure. Viruses in
this study d, y, a, b, and c have 2 H (h-like/H4 or H3/H4)
and e has 3 H (h-like/H3/H4); while virus vRD10 in
another study (Cheung, 2004d) has only 1 H sequence.
5. Mutant genomes with perturbation in both tandem
repeats (e.g., hh4b) can undergo extensive reorganiza-
tion, albeit at low frequency, to generate progeny viruses
with tandem repeats of h-like/H4 sequences.
What mechanisms are involved in the generation of
progeny viruses from the perturbed proximal H1/H2
genomes? In one scenario, the generation of 2H genotype
viruses (viruses d and y) from P1, P2, and P3 is accountable
by the RCR melting-pot model (Cheung, 2004b, 2004d). It
is assumed that nucleotide incorporation using a DNA
template has priority over illegitimate recombination.
Previous work showed that H1/H2 can become part of the
stem-loop structure and serve as template for synthesis of
the palindromic left-arm and resulted in viruses LP1 and
LP2 that contain an extended stem of the stem-loop
structure (Cheung, 2004b). To produce virus d, the Rep-
complex bound H3/H4 and the right-arm of the palindrome
(Steinfeldt et al., 2001), then nicked the octanucleotide
sequence to initiate plus-strand DNA synthesis. Template
strand switching occurred and the palindromic sequence 12V
to 3V (see Fig. 1A) served as template to synthesize the right-
arm of the palindrome. As a result, the x = cactt sequence
was retained and the intervening sequence (nt 3–29)
containing the H1/H2 mutation was deleted. To produce
virus y, template strand (TS) switching would have to occur
initially to delete the mutated H1/H2 sequence (nt 3–24);
then by reverse TS switching, the minus-genome was used
as template to synthesizing the y = cacct sequence.
Alternatively, TS switching occurred and the left-arm was
used as template during initiation and an illegitimate C
nucleotide was incorporated to yield the y = cacct sequence.
Virus y can then give rise to virus d in subsequent rounds of
DNA replication via the TS switching mechanism.
For the hh4b mutant genome that contains disruption of
H1/H2 and H3/H4, the molecular events that took place to
generate the h-like/H4 genotype viruses (viruses a and b) are
not clear. However, it is obvious that hh4b had undergone
multiple deletion or selection events to yield these two
variant viruses and resulted in having the h-like/H4
sequence abutting the stem-loop structure. In subsequent
cell passages, these h-like/H4 viruses continued to change
and appeared to move closer to the wild-type H3/H4
configuration.
Clearly, disruption of the H1/H2 tandem sequence
interferes with DNA replication of the mutant genomes P1,
P2, P3, and hh4b, as evident by the reduction in the number
of Rep-positive cells when compared with the parent J1 or
D1 and D2 genomes. Since the H sequences are binding sites
for the essential Rep and Rep’ proteins, it is expected that
their presence immediately adjacent to the stem-loop
structure is critical for PCV1 viability. However, it is
A.K. Cheung / Virology 339 (2005) 192–199198intriguing to know how the Rep-complex interacted with the
hh4b mutant genome to regenerate the h-like/H4 sequence in
viruses a and b, initially.Materials and methods
Construction of mutant genomes and experimental design
A PCV1 genomic clone (J1), capable of producing
infectious PCV1 upon transfection into PK15 cells after
excision and re-circularization of the viral DNA (Cheung,
2003b, 2004a), was employed to construct the mutant
genomes used in this study. A series of substitution
mutations were introduced into the sequence upstream (to
the left) or downstream (to the right) of the presumed stem-
loop structure using the QuickChange Site-Directed Muta-
genesis Kit (Strategene, San Diego, CA). The excised and
re-circularized plasmids were transfected into parallel sets
of PK15 cell cultures. At 48 h posttransfection, one set of
transfected cultures was assayed for Rep-producing cells by
immunochemical staining (Cheung, 2004a; Cheung and
Bolin, 2002; Nawagitgul et al., 2000). At 7 days posttrans-
fection, a second set of transfected cultures was harvested,
freeze-thawed 3 times, and then assayed for infectious
virus after inoculation onto fresh PK15 cells. To propagate
the recovered progeny viruses, 24-h-infected PK15 cells
were treated with 300 mM glucosamine for 30 min
(Tischer et al., 1987) and the infection was allowed to
proceed for 7 days for each round of virus passage. At
designated cell passage and after confirmation by immu-
nochemical staining, virus-infected cell DNAs were iso-
lated and amplified by PCR with PCV1-specific primers.
Each PCR product was subcloned into a TA-cloning
plasmid (In Vitrogen, Carlsbad, CA) and multiple bacterial
clones were randomly selected for nucleotide sequence
determination.
Virus, cell, and serum
PCV1 isolate (PCV/AC1) (GenBank accession number
AY184287) (Cheung, 2003a) and a hyperimmune swine
serum against PCV2 that reacts with the Rep-associated
proteins of PCV1 (Cheung, 2004a; Cheung and Bolin,
2002) were used. PCV1-free PK15 cell lines were main-
tained in MEM-Hank’s Balanced Salt Solution (MEM-H)
(Life Technologies, Grand Island, NY) supplemented with
10% fetal bovine serum.
Oligonucleotide primers
The primers for PCR amplification were (CCAA-
GATGGCTGCGGGGG) and (GTAATCCTCCGATAGA-
GAGC); located at nt 1665 (forward orientation) and at nt
874 (reverse orientation) of the PCV1 genome, respectively.
The primer sets for mutagenesis were synthesized by placing13–19 flanking nt on either side of the predetermined
mutation (indicated by lower case letter) and only one strand
of each mutagenic primer set is listed. E1: TCATCCTA-
TAAAAGTGAcccAAGTGCGCTGCTGTAGT; E2:
TGGCCACGTCATCCTATc c cAGTGAAAGA -
AGTGCGCT; E3: TGGCCACGTCATCCTATAAgctag-
cAAGAAGTGCGCTGCTGTAG; D1:GCAGCGGCAG-
CACCTCGttgaatTCAGTGAAAATGCCAAG; D2:
GCAGCGGCAGCACCTCGttcataTCAGTGAAAATGC-
CAAG; P1: ATTACCAGCGCACTTCGttgaatGCAG-
CACCTCGGCAGCG; P2: ATTACCAGCGCACTTCGQ
t tcataGCAGCACCTCGGCAGCG; P3: CCAGCG-
CACTTCGttgaCGttgaCACCTCGGCAGCGTCAG; and
hh4b: TTGAATGCAGCACCTCGttgaatTCAGTGAAAA-
TGCCAAG.
DNA mutagenesis, transfection, immunochemical staining,
DNA preparation, and PCR
The methodologies for DNA mutagenesis, transfection,
immunochemical staining, DNA preparation, and PCR have
been described previously (Cheung, 2004d).Acknowledgments
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